We have established a novel assay method based on circular dichroism that can be used for the kinetic study of the activity of amino acid racemases, such as ALR (alanine racemase). Although an enzyme-coupled assay method has been used to measure racemase activity, the CD method is superior to the enzyme assay because it can accurately determine the immediate changes of an enantiomer on racemization between its L-and D-forms. The enzyme-coupled assay requires D-amino acid oxidase, which is inactivated by an inhibitor of ALR, D-cycloserine. This indicates that the inhibitory kinetic study for ALR with D-cycloserine by the enzyme-coupled assay method is restricted to the analysis of only the reaction resulting in the formation of L-Ala from DAla. However, since the CD assay does not require the coupled enzyme, it can be used to comprehensively evaluate the reactions that result in the formation both of D-Ala from L-Ala and of LAla from D-Ala at several substrate concentrations. Streptomyces ALR also catalyses the formation of D-Ser from L-Ser and of LSer from D-Ser, but the catalytic constants (k cat ) are 4-and 10-fold lower than those for the formation of D-Ala from L-Ala and of L-Ala from D-Ala respectively.
INTRODUCTION
D-Amino acids are found as components of the peptidoglycan layer in bacterial cell walls. They are also constituents of microbial secondary metabolites, such as an immunosuppressive agent, cyclosporin A, and an antibiotic, gramicidin S [1] [2] [3] . D-Amino acids play important roles [4] [5] [6] [7] [8] , for example, as osmolytes in the crayfish [6] and as an energy resource in shellfish [7] . The D-forms of amino acids have also been found from mammalian sources [9] [10] [11] [12] . In human plasma, free D-serine, D-alanine and D-proline have been identified [13] . Interestingly, increases in the amounts of D-amino acids in proteins have been observed to be associated with aging and disease, particularly with cataracts [14, 15] and Alzheimer's disease [16, 17] in the eyes and brain respectively. Thus, although D-amino acids are rarely present in natural resources, they certainly play significant roles physiologically.
Since the L-isomers of amino acids are generally produced in biosynthetic pathways, the formation of D-isomers can arise from equilibration of the configuration at the α-carbon starting from the L-enantiomer. ALR (alanine racemase; EC 5.1.1.1), which catalyses the racemization of both alanine enantiomers, is an essential enzyme for the synthesis of peptidoglycan, and requires pyridoxal 5 -phosphate as a cofactor [18] .
D-CS (D-cycloserine; 4-amino-3-isoxazolidinone), which is produced by Streptomyces garyphalus and S. lavendulae, has been reported to competitively inhibit the catalytic activity of ALR [19, 20] . On the other hand, it has been suggested by some research groups that D-CS inhibits non-competitively or causes time-dependent, irreversible inactivation of ALR [19, 21] . We attempted to determine whether or not D-CS inhibits the catalytic activity of ALR in D-CS-producing micro-organisms in a recent study [22] .
The enzyme-coupled assay has been conveniently used to measure the catalytic activity of some racemases [1, 4, 19, [23] [24] [25] [26] [27] [28] ; however, the measured increase or decrease in the amount of NADH did not appear to be perfectly consistent with the amount of alanine racemized in both the D-to L-and the L-to D-directions when the ALR activity from D-CS-producing S. lavendulae was measured [22] . It is significant that D-CS inhibits the catalytic activity of D-amino acid oxidase, which is contained in the reaction mixture for the enzyme-coupled assay [29] . These observations made it possible to develop another method to measure ALR activity. In the present study, we establish a novel assay method for measuring the activity of racemases, including ALR, based on circular dichroism.
EXPERIMENTAL Materials
D-Ala was purchased from Sigma Chemical Co. L-Ala, L-Ser, DSer, dibasic ammonium phosphate and phosphoric acid were purchased from Wako Pure Chemical Industries (Osaka, Japan). Pyridoxal 5 -phosphate, which is the cofactor of ALR, was purchased from ICN Biomedicals, Inc.. ALRs from S. lavendulae A.T.C.C. 25233 and Escherichia coli K-12 W3110 were expressed in E. coli BL21(DE3) pLysS and purified as described previously [22] .
Enzyme-coupled assay to measure the catalytic activity of ALR An enzyme-coupled assay for the measurement of ALR activity was performed according to the method described previously [25] , except for the pH of the buffer and the temperature of the reaction. Production of L-Ala from D-Ala was determined in a reaction mixture (1 ml) containing 100 mM Tricine/NaOH (pH 9.1), 0.1-2.0 mM D-Ala, 0.15 unit of L-alanine dehydrogenase, 10 mM NAD + and purified ALR (345 and 1070 ng/ml for ALRs from S. lavendulae and E. coli respectively) at 37
• C. The increase in absorbance in the reaction mixture was monitored at 340 nm (nine data points). On the other hand, the formation of D-Ala from L-Ala was followed in a reaction mixture (1 ml) containing 100 mM Tricine/NaOH (pH 9.1), 0.25-2.0 mM L-Ala, 0.12 mM NADH, 110 units of lactate dehydrogenase, 1 unit of D-amino acid oxidase and purified ALR (34.5 and 170 ng/ml for enzymes from S. lavendulae and E. coli respectively) at 37
• C. The decrease in absorbance at 340 nm was monitored.
Assay of ALR activity based on the CD spectrum
Since 100 mM Tricine/NaOH (pH 9.1), which is included in the reaction mixture for the enzyme-coupled assay, has a high absorbance in the CD assay, the solution containing ALR was dialysed against a 30 mM ammonium phosphate buffer (pH 8.2) containing pyridoxal 5 -phosphate at the same molarity as the enzyme, prior to the measurement of the CD spectrum. The solution (2 ml), which contained L-Ala and/or D-Ala at the given concentrations (0-2 mM) in a 30 mM ammonium phosphate buffer (pH 8.2), was kept at 4
• C for 1 h. To start the reaction, the enzyme (170 and 225 ng/ml for ALRs from S. lavendulae and E. coli respectively) was added to the mixture, followed by incubation at 37
• C for 10 min. The enzyme reaction was stopped by boiling for 5 min. Then 1 ml of 30 mM ammonium phosphate was added to the boiled solution, which was analysed for the CD spectrum derived from Ala. The same reaction mixture, boiled and without the 10 min incubation for the racemase reaction, was used as a control.
Measurement of CD spectra was carried out in a 1 cm-pathlength cylindrical cell at 25
• C on a JASCO JU-720 spectropolarimeter (Japan). The scan rate and bandwidth were set to 50 nm/ min and 1.0 nm respectively. Spectra were averaged from eight scans and recorded between 200 and 220 nm by 0.1 nm carving. The machine sensitivity was set to 20-50 mdegrees, and the resulting spectra were treated without smoothing.
The CD assay exhibited a high reliability over a wide concentration range of the substrate, but the substrate concentration is recommended to be as low as possible for accurate measurements.
RESULTS AND DISCUSSION

Kinetic analysis using the enzyme-coupled assay
The enzyme-coupled assay has been conveniently used to measure the catalytic activity of several racemases [1, 4, 19, [23] [24] [25] [26] [27] [28] . In the present study, we attempted to estimate the kinetic parameters for ALR from D-CS-producing S. lavendulae using this assay method. Figure 1 shows double-reciprocal plots of the Streptomyces ALR reaction examined using the enzyme-coupled assay, which monitors the production of L-Ala from D-Ala in the presence of D-CS at various concentrations (0-3 mM). However, for the direction of the reaction from D-Ala to L-Ala, this enzymecoupled assay was not able to be applied, since the D-amino acid oxidase contained in the coupled-assay mixture for the formation of D-Ala from L-Ala is inhibited by D-CS [29] . In addition, the equilibrium constant value (K eq ), which was calculated from a Haldane equation defined by (k cat /K m for D-Ala)/(k cat /K m for LAla) [30] for ALR from S. lavendulae, was too different from 1.0 as a theoretical value. The unusual K eq values may be caused by the incompatibility of the amount of NADH between the theoretical value calculated by the variation of absorbance and the experimental value varied with the racemization of Ala in the enzyme-coupled reaction. That is, the increase or decrease in the amount of NADH may not be consistent with the amount of Ala racemized in both the D-to L-and the L-to D-directions. These considerations led us to develop a new method to measure ALR activity.
Assay of racemase activity based on CD spectra
Assay methods based on the CD spectra of substrate or product have been used to determine the enzyme activity of various enzymes, e.g. triosephosphate isomerase [31] , mandelate racemase [32] and ornithine decarboxylase [33] . In these cases, the kinetic parameters were calculated from only the maximum value of the CD spectrum. However, in our CD method for the ALR reaction, quantitative measurement is carried out by integrating the CD spectrum between 205 and 215 nm. Furthermore, we can obtain more reliable kinetic parameters by taking account of the reversible reaction between the substrate and product.
We compared the CD spectrum of D-Ala (1 mM) with that of L-Ala (1 mM). The CD spectra of D-Ala and L-Ala display symmetrical profiles against the x-axis (wavelength); however, a mixture of the enantiomers did not give a specific CD signal (Figure 2) . When the CD spectrum of 1 mM L-Ala was monitored before and after the racemization reaction, the CD signal decreased as a result of the production of the isomer (results not shown). Therefore the ratio of the ALR-mediated conversion to D-Ala from L-Ala was calculated from the profile of the CD spectrum. We observed that the CD spectrum of the sample with ALR was the same as that without ALR, at least at the concentration of ALR employed in this experiment. For the quantification of Ala, each CD spectrum of the D-and L-Ala solutions at various concentrations was recorded ( Figures 3A and 3C ). To draw a more reliable calibration curve, all values of θ between 205 and 215 nm were integrated for every 0.1 nm for each Ala solution, and the integrated value ( θ) was plotted against the given concentration of Ala. Since the Ala solution takes a maximum value at 203-204 nm (e.g. [θ ] = 2800 degrees · cm 2 · dmol −1 at 203.5 nm), it is preferable to integrate the surrounding areas. However, the CD spectrum between 205 and 215 nm was chosen for integration, because the signal stability is not as good at shorter wavelengths. In the resulting calibration curve, all points were closely distributed around the regression line, and a good correlation coefficient was obtained ( Figures 3B and 3D ). Therefore θ is linearly dependent on the Ala concentration, as shown in eqn (1), where P is the proportionality constant (2200 mdegrees · mM −1 in this experiment) and [D-Ala] and [L-Ala] are the D-and L-Ala concentrations (mM) respectively:
Estimation of the kinetic parameters was performed as follows. Each θ value was calculated from the CD spectra recorded for each reaction sample, and θ was calculated by comparing the θ values before and after a 10-min reaction. From the obtained
was calculated based on eqn (1).
[D-Ala] per min was expressed as the reaction rate, v (mM/min), which is generally defined as shown in eqn (2) for a 10 min racemization reaction:
On the other hand, the racemization reaction can be represented as follows:
where V max1 and K m1 are the kinetic parameters for the D-to Ldirection, and V max2 and K m2 are those for the L-to D-direction. (3), and the v values were estimated based on θ . The kinetic parameters were computed by numerical analysis using the least-squares method. The resultant parameters are listed in Table 1 . The K eq values calculated from these data were 1.15 and 1.19 for ALRs from S. lavendulae and E. coli respectively, close to the theoretical value of 1.0. Figure 4 shows the double-reciprocal plots of the ALR reaction from D-CS-producing S. lavendulae in the presence of D-CS using the CD assay. In this Figure, the plots are based on the catalytic activity of ALR, which was measured in the reaction mixture containing one of the Ala enantiomers to compare with the result using the enzyme-coupled assay. Whereas the enzymecoupled assay for the measurement of ALR activity is restricted to the reaction involving the formation of L-Ala from D-Ala under the condition of added D-CS, the CD assay reflects the reaction resulting in the formation both of D-Ala from L-Ala ( Figure 4A ) and of L-Ala from D-Ala ( Figure 4B ) even in the presence of the antibiotic. Thus the CD assay reflects the real enzyme reaction of ALR. 
Advantages of the CD assay method
The new assay method established in the present study for the measurement of the catalytic activity of ALR is based on the CD spectra of both enantiomers of Ala. The method is highly quantitative and provides visible data that reflect the exhaustive reaction of ALR. We conclude that the CD assay method for the measurement of ALR activity is superior to the enzyme-coupled assay. The assay system is simple, because it does not need a coupled enzyme, such as D-amino acid oxidase contained in the enzyme-coupled assay system which is inhibited by D-CS. In the enzyme-coupled assay method, although the product generated by ALR is used as a substrate for the reverse reaction, the kinetic parameter is calculated by ignoring the reverse reaction. In the CD assay, however, we can obtain kinetic parameters without ignoring the reverse reaction.
To investigate the limiting concentrations of substrate that can be used in the CD assay, CD spectra were obtained using a range of Ala concentrations, and quantification was performed as described above. The calibration curves displayed good correlation coefficients at Ala concentrations ranging from 50 µM to 400 mM using the CD assay, indicating that this CD assay method is expected to be sufficiently useful to characterize several racemases that have particular K m values. Since at high concentrations (over 10 mM) the substrate gave rise to increments of high absorbance, a 2 mm-pathlength cell was used to obtain accurate results. Figures 5(A) and 5(B) show calibration curves at low concentrations (10 µM to 100 µM Ala) and at high concentrations (100 mM to 1000 mM Ala) respectively of the Ala solution. However, it is difficult to draw the calibration curve below 10 µM. The peak of the CD signal shifted towards a longer wavelength (213 nm) at the highest Ala concentration (1000 mM), suggesting that, if the sample contains a high concentration of Ala, it should be diluted in order to obtain an adequate correlation coefficient. 
Streptomyces ALR harbours serine racemase activity
The substrate specificity of Streptomyces ALR was investigated using the CD assay method. The CD spectrum of each amino acid solution (4 mM) except for alanine and glycine was monitored before and after the addition of the Streptomyces ALR, showing that the decreased signal was observed only with the serine solution, suggesting that the Streptomyces ALR exhibits serine racemase activity. This allowed us to determine the kinetic parameters of serine racemization catalysed by ALR.
We compared the CD spectrum of D-Ser (1 mM) with that of L-Ser (1 mM) ( Figure 6 ). The CD spectra of D-Ser and LSer display symmetrical profiles against the x-axis (wavelength). However, a mixture of the two enantiomers did not display a specific CD signal ( Figure 6 ). The CD spectra of D-and L-Ser solutions at various concentrations were also recorded (Figure 7) , and it was shown that the CD spectra of D-and L-Ser gave rise to the same tendency as those of D-and L-Ala. A kinetic study of racemase activity with Ser as substrate was performed using the CD assay. Since Ser is not a true substrate of Streptomyces ALR, the catalytic activity is lower than that with Ala. Therefore the added amounts of Streptomyces ALR and substrate were increased up to 300 ng/ml and up to 100 mM respectively. In addition, the incubation time was prolonged to 2 h. The kinetic parameters obtained are listed in Table 2 . Another research group has recently reported that amino acid racemase from Clostridium innocuum is homologous to ALR and is predicted to exhibit serine racemase activity [34] .
Conclusions
The CD assay method, established in the present study, will be a powerful tool for the characterization of the enzymes that catalyse racemization between the D-and L-forms of amino acids. In addition, this CD method may be useful to characterize the activities of some amino acid racemases in diseases related to D-amino acids.
